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INTRODUCTION
DNA double strand breaks (DSBs) are one of the most genotoxic lesions in the genome generated by endogenous or exogenous agents such as ionizing radiation. If not repaired or misrepaired they can result in the disruption of the genomic integrity through the formation of chromosome aberrations, which can lead to carcinogenesis. 1) Because of the importance of correct DNA DSB repair, eukaryotic cells respond to DSBs by activating complex and highly conserved systems to rapidly and efficiently detect DSBs, signal their presence and execute repair.
2) Two distinct pathways that mediate DSB repair have been identified in mammalian cells: Homologous Recombination and Non-Homologous Endjoining (NHEJ). The more error prone NHEJ is the main pathway to repair radiation-induced DSBs. One of the key players of this pathway is the Ku70/80 heterodimer. This dimer, which consists of a 70 and 86 kDa protein, Ku70 and Ku80 respectively, binds to the broken DNA ends with high affinity and then recruits the catalytic subunit of the DNAdependent protein kinase (DNA PKcs). Activated DNA PKcs will in turn further phosphorylate proteins including itself necessary for efficient processing and finally ligation of the break. 3, 4) The importance of the Ku70 and Ku80 proteins in DNA DSB repair is well illustrated by several reports describing a marked increase in cellular radiosensitivity of both mutant rodent cell lines defective in Ku80 (e.g., the xrs-5 and xrs-6 cell line) 5) and human cell lines that have reduced expression levels of the Ku70 or Ku80 proteins. [6] [7] [8] [9] [10] [11] [12] [13] [14] To understand the mechanisms that lead to a radiosensitive phenotype characterized by an enhanced number of chromosome aberrations, the efficiency and kinetics of DSB repair/rejoining are often investigated. For this, physical methods such as neutral sucrose density gradient centrifugation, neutral filter elution, single cell gel electrophoresis (= comet assay) and pulsed field gel electrophoresis (PFGE) are conventionally used. The disadvantage of these assays is that they require high irradiation doses for a reliable assessment of the rejoining kinetics. 15, 16) Recently, H2AX phosphorylation, quantified by specific immunodetection, has been described as a valuable and highly sensitive method to monitor DSB induction and repair at lower and clinically more relevant doses. [15] [16] [17] [18] [19] [20] The H2AX protein is a sequence variant of the H2A histone and represents about 2-25% of the total H2A pool in mammalian cells. Together with 3 other highly conserved histone proteins, H2B, H3 and H4, H2A forms the histone octamer. Wrapping of 147 bp of DNA around this octamer gives then rise to the nucleosome, the basic unit of chromatin. 21) In response to radiation-induced DSBs, the serine 139 within the conserved C-terminal region of the H2AX protein becomes phosphorylated 22, 23) by one of the DNA damage signaling kinases of the phosphatidylinositol-3-OH-kinaselike (PIKK) family. 24, 25) This phosphorylation rapidly spreads to a large chromatin region surrounding the DSB, resulting in the formation of γH2AX foci. These foci are detectable within 3 min after irradiation and their number increases until 10-30 min after irradiation. As a consequence of their ability to attract specific proteins 26) the main role of H2AX phosphorylation in the DNA damage response has been argued to be the recruitment of DNA damage repair proteins to the sites of DSBs and the generation of a platform for signaling and repair (for a review, see Kinner et al. 15) ). Based on the findings that no other lesion than the DNA DSB induces H2AX phosphorylation and that the number of γH2AX foci is closely related to the number of radiation-induced DNA DSBs, 22, 27, 28) γH2AX foci formation can be considered as a consistent and quantitative marker of radiation-induced DNA DSBs. 15) However, the relationship between DNA DSB repair and the disappearance of γH2AX foci is less well understood. Due to its function in the DNA damage response, loss of γH2AX has been proposed to reflect DSB repair/rejoining. [28] [29] [30] [31] However, several reports describe a disparity between the actual removal of DSBs as measured by physical methods of DSB detection, and the removal of γH2AX foci. 15, 32, 33) Analysis of DSB rejoining using PFGE in irradiated cells reveals that the kinetics of rejoining DSBs are biphasic and comprise a fast component operating with half times of several min followed by a slow component that rejoins remaining DSBs with a half time of a few hours. [34] [35] [36] [37] [38] Considering that γH2AX foci formation increases up to 30 min after irradiation, the loss of γH2AX seems unlikely to coincide with the physical sealing of the DSB. 15) Although the understanding of the role of γH2AX foci in DSB repair is incomplete, several investigators tried to correlate γH2AX disappearance and the residual amount of γH2AX foci remaining at longer times post-irradiation (generally 24 h) with the intrinsic radiosensitivity of a cell line. 33, [39] [40] [41] [42] [43] [44] Banath et al. 39) reported a correlation between residual levels of γH2AX foci 24 h after irradiation and clonogenic survival at a dose of 2 Gy in six human cervical cancer cell lines. Furthermore, Taneja et al. 40) observed that radiosensitive tumor cells retained γH2AX foci for a longer duration than radioresistant tumor cell lines (see also MacPhail et al. 41) ). On the other hand, Mahrhofer et al. 42) failed to observe a correlation between cellular radiosensitivity and both the kinetics of disappearance and the residual amounts of γH2AX foci in 10 human tumor and normal cell lines. In addition, Yoshikawa et al. 44) found no close correlation between residual γH2AX foci and radiosensitivity in some tumor cell lines, while in normal human cells residual γH2AX foci were closely correlated with lethal sensitivity.
These divergent results point to the need to further validate the role of H2AX phosphorylation in DSB repair and the use of this technique to determine intrinsic radiosensitivity. To date, research reports investigating γH2AX foci induction and loss in Ku70/80 repair-deficient cell lines in detail are restricted to studying Ku defective hamster cell lines (xrs-5 and xrs-6). 33, 45) However, accumulating evidence suggests that the requirement and/or function of the Ku proteins may differ between rodents and humans. 6 ,10) Therefore, we used human mammary epithelial MCF10A cells that have reduced levels of the Ku70 and the Ku80 proteins, due to RNAi of Ku70. In a previous study, 14) we found that these Ku-defective cells are characterized by an increase in chromosomal and cellular radiosensitivity compared to their Kuproficient counterpart. In the present study, we examined if the Ku repair-deficient cell line also displays differences in the phosphorylation pattern of H2AX protein compared to the repair proficient MCF10A cells. This was established by measuring induction and kinetics of γH2AX foci disappearance after in vitro exposure to 60 Co γ-rays.
MATERIALS AND METHODS

Cell lines
MCF10A cells, spontaneously immortalized human breast epithelial cells, were cultured as monolayers in growth medium consisting DMEM/F12-Ham (1:1) supplemented with 10 μg/ml insulin, 0.5 μg/ml hydrocortisone, 20 ng/ml epidermal growth factor, 50 U/ml penicillin and 50 μg/ml streptomycin and 5% horse serum, in a humidified 5% CO2 incubator at 37°C. To generate a repair-deficient cell line, MCF10A cells were transduced with lentiviral particles har-boring DNA sequences encoding for short hairpin RNA specific for Ku70 RNA interference (= Ku70i cells). As a control cell line, MCF10A cells were mock-transduced with 'empty' lentiviral particles (= LVTHM cells). More details can be found in Vandersickel et al. 14) Protein expression silencing of Ku70 and Ku80 by western blot analysis was evaluated in Ku70i and LVTHM cells. When a stable knockdown was achieved in the Ku70i cells, these cells were used for in vitro irradiation experiments.
Synchronization
During the S-phase of the cell cycle endogenous DNA DSBs may arise from the accidental stoppage and collapse of replication forks. To diminish the occurrence of endogenously produced DSBs, cells were synchronized in the G0/ G1 phase of the cell cycle, where spontaneous levels of DNA DSBs are generally low. 46, 47) Synchronization was established through serum deprivation of exponentially growing Ku70i and LVTHM cells. At day zero, 5 × 10 6 exponentially growing cells were seeded in T75 culture flasks in normal growth medium. At day one, the growth medium was aspirated and replaced by DMEM/F12-Ham deprived of growth factors and horse serum (= serum starvation medium). Flow cytometric analysis showed that at day two, more than 90% of the cells were in G0/G1 phase of the cell cycle.
Irradiation experiments
Synchronized MCF10A cells (LVTHM and Ku70i) were harvested by trypsinization and resuspended in serum starvation medium at a concentration of 8 × 10 5 cells/2 ml. For the dose response experiments, 2 ml cultures were irradiated with a dose of 0.2, 0.5, 1, 2, 3 and 4 Gy in a water bath at 37°C with 60 Co γ-rays at 0.5 Gy/min. For the repair kinetics experiments, cultures were irradiated with a dose of 1 Gy. Within each experiment, sham-irradiated cell cultures were also included.
After irradiation, cell cultures were further incubated at 37°C to allow foci formation. For the dose response experiments, cultures were stopped 15 min post irradiation by placing the cultures on ice. After 10 min, 0.5 ml of the cell suspension was then centrifuged onto poly-L-Lysine coated slides using a cytospin centrifuge. Cells were then fixed and stained as described below. For the repair kinetics experiments, cells were put on ice (for 10 min) at different time points post-irradiation. For repair times up to 1 h (2 min, 15 min, 30 min, 1 h) 0.5 ml of the cell suspension was centrifuged onto poly-L-Lysine coated slides. For longer incubation times (2 h, 3 h, 4 h, 5 h, 24 h), cells were transferred immediately after irradiation onto poly-L-Lysine precoated coverslips (20 × 20 mm, 50 μg/ml) in 6 well-plates and further incubated in serum starvation medium before being stopped on ice.
Immunocytochemistry
Cells were fixed with 3% paraformaldehyde (15 min for dose response experiments, overnight for repair kinetics experiments) and washed with Dulbecco's PBS (D-PBS) for 5 min. Cells were permeabilized in ice-cold D-PBS containing 0.2% Triton X-100 for 10 min and blocked in D-PBS containing 1% BSA (3 times for 10 min). Cells were incubated with anti-γ-H2AX antibody (1:500 in blocking buffer) for 1 h. After washing in blocking buffer (3 times for 10 min), cells were incubated with RAM-TRITC (1:1000 in blocking buffer) for 1 h. After rinsing in D-PBS, cells were mounted in slow-fade Gel Mount™ Aqueous Mounting Medium containing 2% 4',6-diamidino-2-phenylindole (DAPI) to counterstain the nuclei.
Automated slide scanning and detection of foci
For automated slide scanning and foci scoring, the Metacyte software module of the Metafer 4 scanning system (MetaSystems, Altlussheim, Germany) was used. The Metacyte operating mode offers the opportunity to scan slides for interphase nuclei in combination with spot detection and counting. In this mode, automated image acquisition is completed in two subsequent steps: first, the DAPI images are captured using a well defined cell selection classifier. This classifier consists of a group of parameters that precisely define the nuclear shape, size, etc. In a second step, the fluorescence filter is changed and the TRITC signals are captured in the selected nuclei. The acquired images are simultaneously stored and displayed in the image gallery, which contains an overview of the selected nuclei presented as the combined DAPI-TRITC image (Fig. 1) . All TRITC signals were acquired as a z-stack with a total of 10 focal planes and a step size of 0.35 μm between planes.
A. Automated scoring of foci
Simultaneously with signal detection, spot counting is automatically performed in the Metacyte operating mode. Analysis of spots is based on two different approaches. The first approach, which is referred to as the 'direct spot count', is simply based on counting the number of spots within the nucleus: every spot is thereby scored as a single focus and the area and/or thickness of the focus is not taken into consideration. However, with increasing radiation dose, foci tend to melt into larger and/or thicker spots, and therefore the 'direct spot count' will yield an underestimation of the actual foci number. To cope with this problem another set of features is applied that leads to the second way of foci scoring: the 'corrected foci count'. This method takes into consideration the 3D structure of the detected spots and should therefore result in a better estimation of the actual number of foci, when radiation dose increases. These results are stored together with the acquired nuclei images and are depicted for each nucleus separately in the image gallery. Convenient histograms further provide information on the distribution, the mean number and SD of the number of foci scored for each cell (Fig. 1) . For each experimental condition, a minimum of 250 and a maximum of 500 cells were scored with these two methods and foci number was expressed as mean number of foci/cell.
B. Manual scoring of foci
To validate the automated foci scoring, the combined images stored in the image gallery, were manually analyzed by 2 independent scorers. This visual analysis of the number of foci/cell was performed for the first 100 cells captured. Six slides containing cells exposed to different radiation doses (0, 0.5 and 1 Gy) for both cell lines were taken into consideration. The mean number of foci/cell and its SD were then calculated and compared to the results obtained with full-automated scoring.
Statistical analysis
Statistical analysis of the data was performed using Statistical Package for Social Sciences (SPSS), version 15.0, software. For the validation of the automated scoring procedure Pearson's correlation coefficients (rs) were calculated. For the comparison of foci numbers in the two cell lines, independent sample t-tests were performed. For each of these tests, we report the appropriate values of t, the associated degrees of freedom and the level of statistical significance (ps). Fig. 1 . Screen shot of a slide automatically scanned using the Metacyte operating module (Metasystems). The selected image in the image gallery (red square) is relocated in the image area (yellow square). The image gallery consists of small images of the cells detected, displayed as a combined DAPI-TRITC image. In the under left and right corner of each image the direct foci count and the corrected foci count respectively, are depicted. The distribution of both counting methods is represented in the two bar histograms. The upper histogram is related to the direct spot count, the lower histogram to the corrected foci count. By clicking on these two histograms, the histogram tab sheet provides a data summary which lists the mean, standard deviation, coefficient of variation, minimum, maximum and median values of the analyzed cells. The search window, scaled to full size, further displays the positions of the cells detected on the slide.
RESULTS
Validation of automated foci scoring by image analysis
Validation of the automated foci scoring performed by the Metacyte spot counting software, was done by visual analysis of the first 100 images in the image gallery, by two independent scorers. These results were then compared with the equivalent automatic counts, which were based on the two different approaches: the 'direct spot count' and the 'corrected foci count' (Fig. 2) . Analysis of different slides, representing different radiation doses (0, 0.5 and 1 Gy) for both cell lines revealed a good agreement between the manual counts of both scorers, all rs between .68 and .94, all ps < .01. Correlations between the observers' scores and the automated 'corrected foci count' ranged between .44 and .90, all ps < .01, indicating good agreement between the manual and the automated 'corrected foci count'. Figure 2 shows that both scorers and the automated corrected foci count yield very similar estimates of the number of foci, whereas the direct spot count yields a underestimation of this number in the irradiated samples. Because the corrected foci count allows for the separation of fused foci, this way of spot counting is expected to result in a better estimation of the actual number of radiation-induced foci.
Based on the good agreement obtained between the manual and automated corrected foci count of the same image sets, all the slides were further evaluated with this automated spot counting method. The automated processing of the slides offers both objectivity in scoring and increased statistical power by screening a large number of cells in a timeefficient manner.
Dose response experiments
Radiation-induced foci were calculated by subtracting the background number of foci in non-irradiated controls from the total number of foci scored in the irradiated samples. Foci formation was analyzed 15 min after exposure to γ-ray doses ranging from 0 to 4 Gy in the repair-deficient Ku70i and repair-proficient LVTHM MCF10A cells. Figure 3 shows that induction of γH2AX is dose dependent and a clear linear relationship between foci induction and dose is seen up to 1 Gy (Fig. 3B) . At higher irradiation doses foci induction tends to reach a plateau. This is probably the result of the overlapping and melting of different foci into larger areas. Although the corrected foci count takes this phenomenon into consideration, it is no longer adequate for doses exceeding 2 Gy. Better results could be obtained by changing the features implemented to calculate the 'corrected foci count'. Separate independent samples t-tests on the average number of foci of two experiments at doses of 0.2, 0.5 and 1 Gy (see Fig. 3B ) showed no difference between the two cell lines at 0.2 Gy and 0.5 Gy, t(2) < 1, p = .51, and t(2) = 1.69, p = .23, respectively. However, at a dose of 1 Gy, the number of foci in the Ku70i cell line was significantly higher than in the LVTHM cell line, t(2) = 5.58, p < .05. Further- Fig. 2 . Comparison between the number of foci obtained in the same cells by visual analysis by 2 scorers and automated analysis using 2 different approaches. For each data point 100 cells were analyzed. The figure depicts the mean number of foci/cell and the SEM (error bars). more, this difference was significant within each experiment, t(972) = 7.48, p < .001, and t(538) = 9.61, p < .001.
Repair kinetics experiments
To study repair kinetics, induction and loss of γH2AX foci was investigated in the Ku70i and LVTHM cells at different time points after exposure to a γ-ray dose of 1 Gy. Figure 4 shows that the number of radiation-induced foci increased until 15 min after irradiation, reaching a maximum number of 13.06 (SEM = 0.93) foci/cell for the LVTHM and 15.39 (SEM = 0.54) foci/cell for the Ku70i cells. Then, the number of foci decreased gradually and parallel kinetics of γH2AX foci disappearance were observed. Separate independent samples t-tests on the average number of foci of three experiments at each of the nine time points (see Fig. 4 ) revealed marginally significant differences between the two cell lines at 15 minutes, t(4) = 2.17, p = .096, at 30 minutes, t(4) = 2.25, p = .088, and at 1 hour post-irradiation, t(4) = 2.01, p = .11. Importantly, these analyses may have lacked statistical power to reach significance. Therefore, we also conducted independent samples t-tests on the data of each individual experiment. These analyses showed that at 15 minutes postirradiation, the number of foci/cell was in all three experiments significantly higher for the Ku70i cells: t(641) = 6.99, 
DISCUSSION
In this study, we investigated whether the repair-deficient Ku70i cell line, previously characterized by an increased chromosomal and cellular radiosensitivity, 14) also shows differences in the phosphorylation pattern of the H2AX protein compared to the repair-proficient LVTHM cell line. If so, the γH2AX assay could prove to be a useful tool for the assessment of radiation sensitivity. All our results are based on automated scoring of foci number using Metacyte software. Preliminary validation of this automated system by comparison with manual foci analysis demonstrated the suitability of the automated scoring mode.
Our results show that compared to the repair-proficient LVTHM cell line, the repair-deficient Ku70i cell line has a significantly higher number of foci up to 1 h post-irradiation. After longer repair times, foci numbers decrease to similar levels in both cell lines and reach background levels after 24 hours.
Cell line dependent differences in the initial number of γH2AX foci formation after irradiation have already been described. 39, 41) In some cases these differences could be explained by the presence of different amounts of the H2AX protein between different cell lines. In mammalian tissues the amount of H2AX can vary between 2 and 25% of the histone H2A. 22) However, this explanation is unlikely to apply to our data since the LVTHM and Ku70i cell line are derived from the same wild type MCF10A cell line and by this have the same nuclear structure. Therefore, it can be assumed that the same amount of H2AX is present in both cell lines. Another possible explanation for the cell line dependent differences in initial foci formation is related to differences in kinase activity. ATM and DNA PKcs, both members of the PIKK family, have been argued to be the kinases that are involved in the phosphorylation of H2AX in response to radiation-induced DNA DSBs. 25) Since DNA PKcs is dependent on recruitment by the Ku heterodimer, 48) which binds directly to the ends of the DSB, 49) lower levels of Ku could result in less efficient recruitment of DNA PKcs. However, some evidence suggests that ATM and DNA PKcs function redundantly in the phosphorylation of H2AX in response to radiation-induced DSBs. 25) Moreover, ATM has been reported to play a dominant role in this phosphorylation event, while the contribution of DNA PKcs is rather limited 25) (for a review, see Stucki et al. 30) ). Therefore, the reduced levels of Ku70 and Ku80 probably do not influence the H2AX phosphorylation process. Nevertheless, the lower levels of Ku proteins in the Ku70i cell line could compromise the 'fast' repair of simple DSBs. The group of Iliakis [35] [36] [37] [38] indeed showed that in cells with mutations in DNA PKcs, Ku, DNA ligase IV or XRCC4, the fast component of NHEJ, operating with half times of 10-30 min, is strongly compromised. Since free DNA ends may not be captured directly or efficiently by the Ku proteins, a larger fraction of DNA DSBs will remain open and unrepaired for a longer duration compared to cells having wild type levels of the Ku proteins. Consistent with the idea that the loss of γH2AX only occurs after the break is rejoined, foci may be visible as long as the DNA ends are not rejoined and hence chromatin structure and integrity is not restored. Therefore, the presence of more foci at each time point up to 1 h may reflect a larger fraction of unrepaired DSBs and therefore slower kinetics of DSB repair in the early post-irradiation phase. Slower kinetics of DNA DSB repair have been further associated with an increase in misrejoining events as there is more time for exchanges between the free DNA ends. 35, 37, 50) Rejoining of incorrect ends leads to the formation of chromosome aberrations and this can be linked to the manifestation of a radiosensitive phenotype as was observed in our previous paper. 14) Finally, although a number of studies reported a correlation between the presence of residual foci at longer repair times after radiation treatment and cellular radiosensitivity, we failed to detect any residual foci in both cell lines. These results are in line with those of Leatherbarrow et al. 33) also showing no residual foci in the radiosensitive Ku defective xrs-5 rodent cell line 24 h post-irradiation. To date, knowledge on the mechanisms and/or signals responsible for triggering the dephosphorylation of γH2AX foci is limited. If the physical sealing of the break, regardless of correct or incorrect rejoining, is associated with the disappearance of foci, unrejoined breaks could still manifest as visible γH2AX foci, while misrejoining events would not be detected by means of scoring residual foci at long times post-irradiation. However, the assumption has been made that residual γH2AX foci are not necessarily associated with unrejoined DSBs, which further demonstrates the lack of information regarding the nature of the residual foci. 39) In summary, despite the significant higher amount of γH2AX foci at early post-irradiation times in the more radiosensitive Ku70i cell line compared to the LVTHM cell line, disappearance of those differences at later post-irradiation times questions the applicability of this assay to determine intrinsic radiosensitivity, especially in a clinical setting.
